decreasing pH. From measurements of K absorption as a function of time and other data, it was concluded that the effect of hydrogen ion on K absorption could be interpreted as a direct hydrogen ion effect on the K absorption mechanism. The observed hydrogen ion effects on K absorption were consistent with the ion absorption hypothesis of Jacobson and Overstreet.
The presence of Ca ion in solution was found to decrease considerably the depressing effect of hydrogen ion on K absorption. An explanation of this phenomenon in terms of the Jacobson-Overstreet hypothesis was presented.
Increasing hydrogen ion concentrations depressed Na absorption from NaBr solution in a similar manner as K absorption from KBr solution.
LITERATURE CITED (10) have reviewed the data which have accumulated during the last several years regarding cytochrome oxidase of plants, and the bulk of the evidence favors the view that this terminal oxidase plays an important role in respiratory oxygen consumption. Also Webster's recent survey (21) stressed the widespread distribution of this enzyme in dicotyledonous plants. Even (20) concluded that the oxidase is not present in extracts of wheat seedlings after the third day of development. Butler (4) reported inability to detect cytochrome oxidase in extracts from 5-day wheat roots, although Lundegardh (16) , using a specially designed spectrophotometer, was able to observe characteristic cytochrome absorption bands in intact roots of older wheat. Albaum and Eichel (1) demonstrated that the oxidase was present in extracts from oat seedlings one or two days old, but did not detect the enzyme in extracts from older seedlings (up to 6 days), and concluded that cytochrome oxidase operated only during the embryonic stages. James (12) detected cytochrome oxidase in barley embryos, but found no evidence for its exist-ence in the ti)s of older barley roots (10 to 11 days). In a recent review article, James (13) Sufficient oxygen is present in solution so that it does not limit the rate of the reaction and autoxidation of the reduced cytochrome c during the 2-minute reaction period was negligible.
No change was ever detected upon the addition of catalase (Bios Laboratories, Inc., New York) in the ability of each enzyme extract-prepared from either root or shoot systems of wheat, pea or barley seedlings-to catalyze the oxidation of reduced cytochrome c, when tested spectrophotometrically. Consequently, the possibility of peroxidase participation in cytochrome c oxidation was rendered unlikely.
EXPRESSION OF RESULTS: The procedure developed by Slater (18) was followed in assaying for cytochrome oxidase content and results are expressed in terms of catalytic ability of the enzyme at infinite c-tochrome c concentration. To obtain these assay values, enzyme activities were determined at several levels of cytochrome c, and the activity at infinite concentration of cytochrome c was estimated by the extrapolation procedure of Lineweaver and Burk (15) . For the manometric method, the reciprocal of the rate of oxygen absorption plotted against the reciprocal of the concentration of added cytochrome c; the rate of oxygen absorption in ,I per hour at infinite concentration of cytochrome c was estimated by extrapolation, and was expressed as Vmax per ml enzyme extract. Since the number of seedlings used and the volume of the extract were known the cytochrome oxidase content of a single seedling could then be derived from this figure.
In the spectrophotometric method (used when the seedlings were separated into root and shoot), the optical density change (AD) per minute per 0.02 ml enzyme extract was determined for several levels of cytochrome c. As above, the reciprocals of these functions were plotted, and the optical density change (AD) per minute at infinite concentration of cytochrome c was estimated by extrapolation. This value was then converted into Vmax per ml extract by application of equation (1): (1) AD/min for 0.02 ml extract x 2500 = PJ 02 absorbed/hour per ml extract = Villax per ml enzyme extract Then, as in the manometric method, the value for the cytochrome oxidase content of the root or shoot system (Vmax per root or shoot system) was readily computed.
Equation (1) was derived from the fundamental relationship described by previous wvorkers (2, 5, 9) :
(2) concentration of oxidized cytochrome c Dr-D (fig 2) .
The effect of increasing the concentration of PPD upon the rate of its oxidation bv the wheat extract in the presence of a fixed amount of added cytochrome c is shown in figure 1 . It is evident that low concentrations of reducing agent limit the rate of the reaction, and to obtain maximal rates of oxygen uptake, it is necessary to employ a saturating level of the reductant. Accordingly, a final concentration of 0.1 Al PPD in the Warburg flask was used in all later experiments. Figure 2 shows that the rate of oxygen uptake (which was shown to be thermolabile) also depended upon the amount of cytochrome c which was added. The endogenous oxygen absorption (curve 1) was virtually unaffected by the addition of cytochrome c alone (curve 2). Curve Curve 2-0.12 ml root extract. Curve 3-0.12 ml boiled root extract. Curve 4-0.03 inl shoot extract. Curve 5-0.12 ml shoot extract. Curve 6-0.12 ml boiled shoot extract.
FIG. 6 . The oxidation of reduced cytochrome c by cytochrome oxidase from 10-day barley roots. Root extract (0.3 ml) was added to reduced cytochrome c solution at 5 min, and a few crystals of sodium hyposulfite were added at the timies indicated.
PPD and HQ were the reductants. Ascorbic acid was not used in the present studies, since the rate of oxygen absorption in the presence of pea, wheat and barley extracts which contain ascorbic oxidase, was excessively rapid, and subsequent addition of cytochrome c resulted in only a small stimulation of oxygen uptake.
The rates of oxidation of saturating concentrations of PPD and HQ, in the presence of 0.5 ml of extract from 3-day pea seedlings and increasing quantities of added cytochrome c, are shown in figure 3 . The concentration of HQ required to produce maximal rates of oxygen absorption was 0.12 M. Since it was shown (6, 14) that autoxidation of HQ is very small at pH 7.0, but increases rapidly at higher pH values, the data for this experiment were obtained at pH 7.0, whether PPD or HQ was the reductant. Autoxidation of HQ was estimated by the method used with PPD, and found to be small (25 Ml 02 per hour per Warburg flask).
The rate of oxygen absorption, at the concentrations of cytochrome c used, was dependent upon the reducing agent employed, higher rates being obtained with PPD than with HQ. However, extrapolation of the data of figure 3 by the procedure of Lineweaver and Burk (15) showed that the activity becomes independent of the reducing agent employed at infinite cytochrome c concentration (fig 4) . These The reaction mixture was at pH 7.4; 1.0 ml of extract was used; PPD concentration was 0.1 M and the added cytochrome c conc was 2.42 x 10-5 M.
increases in oxygen absorption when PPD was added to the root extract. Since the manometric assay for cytochrome oxidase depends upon the ability of added cytochrome c to cause progressive increases in the rate of oxygen uptake, and the extrapolation of this data to infinite cytochrome c concentration, it is apparent that the small increases obtained with the root extracts do not lend themselves to this treatment and would in fact involve considerable error. Thus the manometric method is not suited for the assay of the enzyme in the root extracts.
On the other hand, the ability of extracts prepared from roots and shoots of 11-day barley and wheat seedlings to catalyze the oxidation of reduced cytochrome c solutions could be readily measured with the spectrophotometer (the results for barley are shown in figure 5 ). On a volume basis, the extracts prepared from shoots were found to be more active than those from the roots, as was found in the manometric method. The successive oxidation of reduced cytochrome c by the enzyme and its reduction by added crystals of sodium hyposulfite is shown in figure 6 ; if an excess of crystals is avoided, the cycle of oxidation and reduction can be repeated several times. Since the rates of oxidation of several concentrations of reduced cytochrome c could be readily determined by this method, and the data could be extrapolated to infinite concentration of cytochrome c, the spectrophotometric method was used in later work for the determination of cytochrome oxidase values of various tissue extracts, and served to confirm earlier results obtained by the manometric method. CYTOCHROME OXIDASE ASSAY RESULTS: The determination of the cytochrome oxidase values of etiolated wheat, barley and pea seedlings, in terms of catalytic ability at infinite concentration of cytochrome c (Vi,ax), was chrome oxidase content of a single seedling, in all these plants, are higher than the rates of respiration of seedlings of the same age; in the case of pea, these values are several times higher. (To the extent that our methods are comparable with those of Stafford (19) , the results may be regarded as extending to at least 12 days the period over which cytochrome oxidase in excess of respiratory needs can be obtained from etiolated pea seedlings). Thus it would appear that there is more than sufficient cytochrome oxidase present in a single seedling of these plants to meet the respiratory oxygen requirements. However, the further investigation of the separated root and shoot systems (by the spectrophotometric method) revealed the important fact that the relationship between cytochrome oxidase value and respiratory rate is not the same in the two tissues (table III) . For the shoot system, the values for Vmax (column 2) are in all cases considerably higher than the corresponding values for respiratory rates (column 3). But for the root systems of wheat and barley, the values for cytochrome oxidase (column 4) are consistently lower than the corresponding respiratory rates (column 5); on the other hand, the reverse is true for pea roots. It is therefore clear that whereas the shoot systems of all three kinds of plants, and the root system of pea, contain amounts of cytochrome oxidase which are more than adequate to account for the 02 absorption in respiration, the root systems of wheat and barley are apparently deficient in this regard. Also, it is evident that the cytochrome oxidase values for wheat and barley shoots were sufficiently in excess of the values for respiratory rates, that they masked the deficiency of the enzyme in the roots when the entire seedling (including root and shoot systems) was analyzed.
By summing the separate contributions of the root and shoot systems, the cytochrome oxidase values for the entire seedling were obtained (table III, column 6). These spectrophotometric values can be compared with those achieved by the manometric method for the same seedlings at the same age (table II, column 4). The closeness of agreement between these two sets of data indicates that the two independent methods for assaying for cytochrome oxidase yield similar results.
DIscussIoN
In efforts to arrive at values for the enzyme content of a tissue, the criterion of measurement must necessarily be the catalytic ability of the enzyme. For the purpose of such an assay, precautions must be taken to extract as much of the enzyme as possible, and to measure its activity under conditions shown to lead to maximal rates; for the special case of cytochrome oxidase, the activity must be extrapolated to infinite concentration of cytochrome c. Since the physiological function of cytochrome oxidase in the tissue is the catalysis of oxygen absorption, the measure of its catalytic ability in vitro can be compared to the rate of respiratory oxygen absorption. It is assumed, in How- ever, it should be stressed that since even the best assay procedure is most unlikely to be 100 % effective in extracting all of the enzyme from the tissue, and transferring it without loss to the measuring vessel, the assay values reported here are to be regarded as minimal. One obvious correction which would, no doubt, lead to an upward revision of the recorded values if that for the enzyme discarded with the press cake after squeezing the mash through muslin. In this connection also, it may be mentioned that Goodwin and Waygood (8) have recently shown that the presence of hydrolytic enzymes in barley seedlings may profoundly reduce the yields of suceinoxidase. This qualification must be kept in mind in those cases where the measured content of cytochrome oxidase was found to be insufficient to cope with the respiratory requirements of the tissue. And, in those cases where the assay results were in excess of respiratory needs, the conclusions are strengthened because the actual enzyme content must almost certainly be greater than that which we were able to measure.
The enzyme extracts used in this study catalyzed oxygen absorption by PPD to some degree even in the absence of added cytochrome c (figs 2 and 3). There are strong reasons for believing that the bulk of this oxygen absorption is catalyzed by cytoehrome oxidase and the endogenous cytochrome c. The evidence in favor of this view is: (a) Phenoloxidase, which might be considered to be a possible catalyst for PPD oxidation, is apparently absent from these seedlings (12, 20) ; the feeble oxygen absorption induced by the addition of catechol to the extracts is probably ascribable to the cytochrome system, with catechol acting as a reducing agent (18 Goodwin and Waygood (8) .) However, in these cases, and indeed wherever it is feasible, it seems that the spectrophotometric method of measuring cytoehrome oxidase is greatly to be preferred, since not only is it more sensitive and direct, but it is independent of the endogenotis cvtochrome c.
SUMMARY
Extracts prepared from etiolated seedlings of pea, wheat and barley seedlings were shown to contain cytochrome oxidase at all stages of development (up to 12 days) by both the manometric and spectrophotometric methods. When the amount of the enzyme in the tissue was evaluated in terms of activity at infinite concentration of cytochrome c, it was found that the cytochrome oxidase content of pea shoots and roots, and wheat and barley shoots, was more than adequate to account for the observed respiratory activity of the tissue from which it was derived. However, for the roots of wheat and barley, although the enzyme is present at all stages of development, the amounts extracted were not capable of cataly zing all of the respiratory oxygen absorption.
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